The problem of antibiotics in milk was brought to light in 1948 by Kastli (1948) , who was the first to report specifically that milk from a quarter of an udder treated with penicillin would impair the manufacture of butter and cheese. He found that from 0.1 to 1.0 unit of penicillin per ml of milk was sufficient to inhibit the growth of the widely used starter cultures, Streptococcus cremoris and Streptococcus lactis. Katznelson and Hood (1949) , and Krienke (1949) , later found that complete inhibition of acid production occurred when 0.5 unit of penicillin per ml of milk was present and that as little as 0.1 unit produced strong inhibition. Hunter (1949) found that pasteurization within the temperature limits available to the cheesemaker does not alter the toxic activity of penicillin in milk. Petersen (1950) found that species of the genus Leuconostoc were very sensitive to penicillin, which impaired the development of flavor and aroma in cream used for butter manufacture. Wilkowske and Krienke (1951) , also working with penicillin, found that the genus Lactobacillus was sensitive to penicillin levels of 0.3 to 0.6 unit per ml of milk. Hansen et al. (1950) reported that milk from a cow treated with 1 g of streptomycin showed no acid production by the starter organisms involved. They also found that as little as 1 per cent cream treated with streptomycin restricted the growth of starter organisms used in buttermaking. Hargrove et al. (1950) found that 5 mg of streptomycin inhibited the growth of both Streptococcus thermophilus and Propionibacterium shermanii, and that 1 mg of streptomycin per ml of milk stopped Lactobacillus bulgaricus from producing lactic acid. Bell et al. (1951) reported that aureomycin was present in the milk 48 hours after udder infusion and that its presence interfered with starter activity. Krienke (1950a) reported that cows treated with aureomycin showed inhibitory concentrations of the antibiotic on the production of lactic acid for as long as 12 milkings after treatment for bovine mastitis. Bradfield (1949) treated cows with 200 mg of aureomycin ointment and reported that their mixed milk failed to develop suffi-cient acidity for cheddar cheesemaking for the next three days. Krienke (1950b) studied the effect of aureomycin on starter activity and found that acid production was inhibited by the presence of 0.5 ,ug of aureomycin per ml of milk. Johnstone (1950) found that cheese starter cultures were inhibited by 0.05 ,&g of aureomycin per ml of milk. Based upon these inhibitory levels, the treatment from a single animal could render several hundred pounds of milk useless for cheese or buttermilk manufacture.
There is relatively little published information regarding the effect of tyrothricin on the formation of lactic acid by starter cultures.
Because of the widespread use of antibiotics in the dairy industry, it seemed desirable to determine the mode of action of these compounds on lactic acid starter cultures. It was thought that perhaps the starter organisms in the presence of antibiotics that might be found in milk would permit proliferation of the organisms but might not allow development of the acidity characteristics of normal milk. Thus, the object of this investigation was to make a systematic study of the effects of various antibiotics on the titratable acidity, pH, and bacterial count of a lactic acid starter culture. The antibiotics studied were penicillin, streptomycin, penicillin-streptomycin combinations, aureomycin, and tyrothricin.
EXPERIMENTAL METHODS
Antibiotic-free skim milk was poured into 500 ml Erlenmeyer flasks up to a known volume, and the flasks were stoppered. The milk then was sterilized for 10 minutes under 15 pounds of steam pressure.
Hansen's4 lactic ferment culture, in the dry form, was the source of the lactic acid starter culture used throughout this study. Hansen 
RESULTS
Penicillin.' Final concentrations of 1.0, 0.1, and 0.01 unit of penicillin (sodium salt) per ml of milk were prepared in each of three separate flasks of skim milk that had been inoculated with 9 ml of a 24-hour actively growing starter culture. A fourth flask containing 9 ml of starter acted as the antibiotic-free control. These penicillin levels were selected because of evidence of these quantities in milk supplies (Bryan, 1951) , and because of evidence that acid formation of lactic acid starter cultures was retarded (Bradfield, 1949; Hansen et al., 1950; Katznelson and Hood, 1949) . Table 1 indicates the effects of penicillin on titratable acidity, pH, and bacterial counts. With penicillin, at the high concentration of 1.0 unit per ml of milk, there was very little change in titratable acidity and pH after being incubated for 24 hours at 70 F. The initial bacterial count was over 12,000,000 per ml, and after 24 hours it was sharply reduced to only 1,000,000 bacteria per ml of milk, showing that this concentration of penicillin had a prolonged inhibitory effect.
The milk containing a concentration of 0.1 unit of penicillin per ml showed a slow increase in titratable acidity and a corresponding decrease in pH. The bacterial counts from this level of penicillin were reduced almost as much as in 1.0 unit of penicillin per ml.
In the low concentration of 0.01 unit of penicillin per ml of skim milk, little inhibition of titratable acidity, pH, or bacterial counts was observed, and the samples came close to duplicating the activity of the antibiotic-free control.
Streptomycin.6 The solutions of streptomycin were prepared from 1 g vials of crystalline streptomycin (calcium chloride complex). Final concentrations of 5.0, 1.0, and 0.1 mg of streptomycin per ml were prepared in each of 3 separate flasks of skim milk that had been inoculated with 9 ml of a 24-hour actively growing starter culture. A fourth flask, containing only the starter, was used as the antibiotic-free control. The results of streptomycin action are presented in table 2. Bacteria counts per ml 0 10,250,000 12,220,000 11,120,000 12,420,000 4 70,630,000 2,100,000 6,720,000 149,720,000 8 433,000,000 2,600,000 4,800,000 411,600,000 24 1,127,000,000 1,000,000 1,340,000 713,000,000 * Averages of three trials.
A concentration of 5.0 mg of streptomycin per ml was effective in retarding titratable acidity, pH changes, and in accomplishing an immediate reduction in the number of starter organisms. The bacterial counts in the antibiotic milk increased slowly with time, but when compared to counts from the antibiotic-free control sample, the numbers were still far below the count at 0 hours.
Concentrations of 1.0 and 0.1 mg of streptomycin per ml of milk also caused poor starter activity with very little acid production. The bacteria counts were far below those of the antibiotic-free control sample. Penicillin-Streptomycin in Combination. Because of the wide usage of penicillin-streptomycin ("Penstrep," "Pendistrin," etc.) and possibly other antibiotic combinations in cases of bovine mastitis, it is entirely possible that combinations of antibiotics may find their 6 Supplied through the courtesy of Merck & Co., Inc., Rahway, N. J. way into market milk supplies from this source. A review of the literature fails to reveal any information regarding the possible synergistic action of two or more antibiotics on the titratable acidity, pH, or bacterial plate counts of lactic acid starter cultures. Therefore, it was thought desirable to determine the effects of penicillin-streptomycin combinations on a starter culture. The levels of each antibiotic were prepared by the direct addition to the skim milk. The following three concentrations were prepared in flasks containing the skim milk and 9 ml of an actively growing 24-hour culture: 1.0 unit of penicillin and 5.0 mg of streptomycin, 0.1 unit of penicillin and 1.0 mg of streptomycin, 0.01 unit of penicillin and 0.1 mg of streptomycin per ml of milk. A fourth flask with only starter added was the antibiotic-free control. The results of the activity of the penicillin-streptomycin combination are presented in table 3. Bacteria counts per ml 0 11,050,000 10,400,000 9,100,000 9,750,000 4 89,000,000 9,000,000 13,100,000 25,800,000 8 672,000,000 25,500,000 20,580,000 82,000,000 24 870,000,000 14,000,000 36,300,000 243,000,000 * Averages of three trials.
The sample containing 1.0 unit of penicillin and 5.0 mg of streptomycin per ml of milk showed serious deterimental effects on the activity of starter cultures. The initial count was 4,000,000 and after 24 hours it fell to only 970,000 colonies per ml of milk. The increase in titratable acidity produced over a period of 24 hours was negligible.
Concentrations of 0.1 unit of penicillin and 1.0 mg of streptomycin per ml of milk also suppressed starter activity over a period of 24 hours. Even the low level of 0.01 unit of penicillin and 0.1 mg of streptomycin per ml inhibited lactic acid formation by the starter culture. After 24 hours of incubation, the titratable acidity was only 0.29 per cent, and the pH was 5.83. From the results previously described, the combined action of penicillin and streptomycin was greater than that of each antibiotic used separately, although the effect was probably not more than additive. Therefore, antibiotic combinations can be expected to prove more troublesome in the manufacture of certain dairy products than single antibiotic therapy for mastitis. In the final analysis, however, the inhibiting effects on starter activity would depend upon the total amount of antibiotic entering the milk, whether originating from a mixture or from a single type of antibiotic.
Aureomycin.7 Aureomycin, which is being used widely for mastitis therapy, was also studied for its effects on a lactic acid starter culture. Solutions of aureomycin were prepared from 250 mg capsules of crystalline aureomycin hydrochloride. Aureomycin levels used in this study were those that have been found to inhibit lactic acid production of starter cultures (Bell et al., 1951; Bradfield, 1949; Johnstone, 1950; Krienke, 1950b) . The final concentrations in the samples were 0.5, 0.25, and 0.10 ,ug per ml of milk, respectively, in each of three separate flasks of skim milk that had been inoculated with 9 ml of an actively growing 24-hour starter culture. A fourth flask containing only the starter was used as the antibiotic-free control sample.
Results shown in table 4 indicate that aureomycin is effective in causing inhibition of lactic acid production by the starter culture. A level of 0.5 ,ug of aureomycin per ml of milk suppressed lactic acid formation by the starter culture as indicated by slow changes in titratable acidity and pH. The bacterial count changed very little from the initial count of 10,400,000, even after 24 hours.
Aureomycin, in a concentration of 0.25 ,g per ml, also affected the metabolism of the starter culture. The starter was only mildly active in forming lactic acid, since the titratable acidity after one day was only 0.47 per cent. In the low concentration of 0.1 ,ug of aureomycin per ml, the starter appeared to function more like the control sample as far as titratable acidity, pH, and bacterial counts were concerned, although some inhibition was still apparent.
Tyrothricin.8 Dubos (1939b) established the fact that tyrothricin, and also its component gramicidin, infused into the bovine udder in a mineral oil base, gave favorable results in mastitis therapy. Other publications by Little et al. (1940) , Martin (1942 ), Bryan et atl. (1942 and Little (1943) reported that tyrothricin was between 45 to 95 per cent efficient in curing udders infected with Streptococcus agalactiae.
The following concentrations of tyrothricin were made from crystalline tyrothricin for this study: 5.0, 1.0, and 0.1 mg per ml of skim milk. Results are presented in table 5.
Tyrothricin at the 5.0 and 1.0 mg per ml levels was one of the most effective antibiotics studied in retarding lactic acid formation by the starter culture. Titratable acidity and pH values showed almost no change after 24 hours of incubation at 70 F. Also, the numbers of bacteria slowly decreased during the 24-hour period.
Tyrothricin in the low level of 0.1 mg per ml of milk was not very effective in retarding lactic acid formation by starters. After 24 hours of incubation at 70 F, titratable acidity, pH, and bacterial counts were close to the control sample. 43,300,000 3,500,000 4,820,000 33,580,000 8 477,000,000 1,600,000 4,300,000 168,000,000 24 563,000,000 800,000 680,000 387,000,000 * Averages of three trials.
DIscuSSION
The results of this investigation indicate that the presence of antibiotics in milk is of considerable importance to the dairy industry. Antibiotics may get into a milk supply as a result of antibiotic therapy of bovine mastitis, or by direct addition to the milk by unscrupulous producers.
Penicillin, streptomycin, penicillin-streptomycin combination, aureomycin, and tyrothricin were studied for their effects on the growth of lactic acid starter organisms. The results indicate that minute concentrations of antibiotics in milk cause inhibition of lactic acid fornation by a starter culture used in the manufacture of dairy products. Lower levels of penicillin (0.01 unit per ml) and tyrothricin (0.1 mg per ml) displayed some inhibitory effect, but it is possible that the starter would overcome the antibiotic so that loss of theproduct might not result. There was no evidence with any of the antibiotics studied that only lactic acid formation was blocked, while cell proliferation continued as usual. Apparently cell metabolism itself was inhibited as measured by bacterial numbers and acidity changes.
Penicillin, which is known to be active principally against gram-positive bacteria (Pratt and Dufrenoy, 1949) , was the first antibiotic studied for its effect on lactic acid starter cultures. Penicillin concentrations of 1.0 and 0.1 unit per ml of milk were effective in retarding titratable acidity, pH, and bacterial plate counts of a starter culture held at 70 F for 24 hours. The low level of 0.01 unit of penicillin per ml of milk had no effect on the growth and metabolism of the starter culture. Even though streptomycin is generally considered as not too antagonistic toward gram-positive bacteria, such as S. lactis, S. citrovorus, and S. paracitrovorus, the results indicate that concentrations as low as 0.1 mg of streptomycin per ml of milk definitely affected starter activity.
It was considered possible that streptomycin may act also by interfering at some point in the biochemical pathway of lactose conversion to lactic acid. Pratt and Dufrenoy (1949) found that at low inhibiting concentrations of streptomycin, the organisms may grow but cannot divide. Also, tests with phenolphthalein phosphate show that alkaline phosphatase activity is blocked in cells exposed to the action of streptomycin. Streptomycin, like penicillin, interferes with nucleotide catabolism, but at different levels, by preventing the cell from using its essential food reserves. It was therefore felt by Pratt and Dufrenoy (1949) that perhaps streptomycin interferes with the splitting of glucose, by phosphorylation, into glyceraldehyde phosphate. But, as yet it is not known definitely where or how streptomycin interferes with lactic acid production by lactic acid starter cultures.
In the studies reported herein, the changes in bacterial numbers seem to parallel changes in pH and titratable acidity. Thus, it is thought that streptomycin retarded acidity development by controlling cell proliferation, rather than by blocking the formation of lactic acid at some point in its biosynthesis.
The broad antibacterial spectrum provided by penicillin-streptomycin combinations showed that the antibiotic combinations were effective in controlling the starter culture used in the manufacture of dairy products. It should be noted that the combined action of penicillin and streptomycin was more effective in inhibiting the growth and metabolism of the starter cultures than was the independent activity of either penicillin or streptomycin. The effect was probably not more than additive, giving little evidence of synergistic action.
Milk containing 0.5, 0.25, and 0.10,ug of aureomycin per ml was effective in inhibiting the production of lactic acid by starter cultures. Aureomycin has an unusually large antibacterial spectrum (Lederle Labs., 1950) , so that it is quickly becoming one of the most widely used antibiotics for mastitis therapy.
Tyrothricin was found to be an active antibiotic in causing inhibition of lactic acid development. Of the concentrations tested, 5.0 and 1.0 mg per ml were especially effective in decreasing lactic acid production of the starter culture in skim milk. Dubos (1939b) stimulated interest in antibiotics as potential chemotherapeutic agents when he isolated tyrothricin from filtrates of a soil bacterium Bacillus brevis in 1939. Tyrothricin was found to be a mixture of basic polypeptides made up of the two crystalline components, gramicidin and tyrocidine. Tyrothricin is a surface-active agent that causes disruption of the bacterial cell structure (Dubos, 1939a) . The gramicidin portion of tyrothricin has a biochemical action of inhibiting the transphosphorylation process (Irving and Herrick, 1949) required for the formation of adenosine triphosphate and energy as a result of glucose utilization. It is highly probably therefore that tyrothricin acts by causing physical damage to the starter culture itself and also by interfering with the biochemical conversion of glucose to lactic acid. SUMMARY Antibiotics were tested for their effects on the growth and metabolism of a lactic acid starter culture. The starter cultures in all the experimental antibiotic milks were tested for titratable acidity, pH, and bacterial numbers after incubation for 0, 4, 8, and 24 hours at 70 F.
The results indicate that 1.0 or 0.1 unit of penicillin; 5.0, 1.0, or 0.1 mg of streptomycin; 5.0 mg of streptomycin and 1.0 unit of penicillin in combination, 1.0 mg of streptomycin and 0.1 unit of penicillin in combination, or 0.1 mg of streptomycin and 0.01 unit of penicillin in combination; 0.50, 0.25, or 0.10 Mug of aureomycin; and 5.0 or 1.0 mg of tyrothricin per ml of milk inhibited the metabolism and growth of the starter cultures, so that the milk containing these levels of antibiotics could not be used satisfactorily to manufacture cultured dairy products. Based on the results described, the direct addition of 75,000 units of penicillin to a milk supply would cause marked inhibition of lactic acid formation in approximately 200 gallons of milk.
